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Overview

Timeline Barriers
« Start = May 2017 * 11 inches magnetic airgap for 20kW wireless power
- End = December 2019 transfer (most applications are for 6-8 inches)

. . « Achieving bidirectional wireless power flow between
BUdgeT Period | grid and vehicle

compIeTed. In May 2018 « Achieving high-efficiency (285%) at 20kW with 11
« Budget Period Il to be inches airgap

completed in Fall 2019 « Meeting the grid and utility standards at the grid side
while meeting power density and reliability targets
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Project Objectives and Relevance

Overall Objectives

- Design, model, simulate, build, integrate, and test a bidirectional wireless
power transfer (BWPT) system for medium duty delivery trucks

A vehicle integrated >20 kW wireless power transfer system with bidirectional
operation

High-efficiency (85%) with a nominal magnetic airgap of 11 inches

Venhicle-to-grid mode 6.6 kW wireless power transfer to building or grid loads
(grid support or ancillary services)

Integration of the WPT system into the vehicle
Modeling and analysis of BWPT systems

FY 2019 Objectives:
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Develop the grid interface converter (rectifier/inverter) hardware
Develop the primary side high-frequency inverter/rectifier hardware
Develop the vehicle side rectifier/inverter hardware

Develop the electromagnetic coupling coils and resonant tuning
components

Integrate auxiliary components (sensors, contactors, fuses, pre-charge
circuitry, connectors, controllers, power supplies, etc.)

Test system power stages individually

Integrate the whole system together and validate functionalities

NATIONAL Any proposed future work is subject to change based on funding levels
RESEARCH CENTER




Project Milestones

Milestones and Go/No-Go
Decisions

May 2018 Milestone: Design, model, simulate, Completed
analyze system components. Determine

system power architecture and control

strategy for the BWPT system.

May 2019 Milestone: Develop (build) and test all Nearing
. the BWPT hardware for vehicle and grid | completion
Budget Period Il | ¢jyos test all power conversion stages
individually, complete benchtop tests,
and infegrate the system into the
vehicle. Address the impact of BWPT on
vehicle ESS, analyze the BWPT system
benefits

December 2019  Milestone: Full vehicle level testing and | On-frack
. demonstration of the BWPT technology,

Budget Period lll | 4o 10vment of the vehicle and system

to the test site, perform operations,

collect data

Budget Period |

&OAKIREDGE ??X'ﬁs’iﬁimnou Any proposed future work is subject to change based on funding levels
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Approach / Strategy

- Iterative design and the use of finite element analysis based modeling for the
design optimization of the electromagnetic coupling coils.

* Vehicle battery and grid voltage and power levels are used for the proper
system design and cascaded down to the appropriate subsystems and
components.

« Built system power conversion stages in an integrated approach for an
optimal system design in terms of complexity and compactness.

« Validated that system components meet the design parameters.
« Building two sets of stationary and vehicle side power electronics hardware.

- All the power conversion stages are being independently tested for
functionality and validation of the performance.

« Entire system will be tested using grid and battery emulators before vehicle
integration.

 Integrated system will be tested and validated on the test truck.

NATIONAL Any proposed future work is subject to change based on funding levels
TRANSPORTATION
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Project Timeline

2017 2017 2017 2018 2018 2018 2018 2018 2019 2019 2019 2019
May  Aug Nov Feb May Aug Nov Feb May Aug Dec Mar

Key
Design, model, analyze, simulate, and Deliverable
refine the design for all the power for BP |
conve'rsmn stage's Build and complete benchtop testing [ Key

of all power conversion stages and | Extension . Deliverable
for BP Il

complete vehicle integration /—v—

Go/No-Go
Decision

Final
deployment,
validation,

Point

testing, and
data ’ Key
Deliverable

Go/No-Go Decision Point: Weather the system design, models, and simulations
indicate the feasibility of 20 kW wireless charging
operation over 11 inches magnetic airgap with at least
85% efficiency

Key Deliverable for BP II: Complete results of benchtop system experimental tests
and vehicle integrated operational test results.

Any proposed future work is subject to change based on funding levels
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Technical Accomplishments — Summary of BP |

¢ MOdeled' SimUlOTed' Ond Grid interface Stationary Primary and Secondary Vehicle HF
O hCﬂyzed power Conversion inverter —675-800V rectifier o Cgou')"ng Co”SCZZ B inverter 400V 47'
T T Ts + 17 T MY |__NW\_ T T3 T | s
sfages and the whole system / Jjﬁ} K2 K rf} Kt | v
. . . ! A G1 G. Gs| =\ G G G1il G13l
in both power flow directions. . —&~~— 1 bl G L L =
. IBI 4 T, Ty Te §‘ Tg Ts C11 Ca1 T1z T14 g ﬁ S
- System architecture 'l MJH} POSNCH NG ] ,JH] Kb [EE
A Stationary side  Vehicle side resonant o

determined and designed O QO f

- Developed control systems
both for charging and
discharging operating modesi

- Designed the
electromagnetic coupling

Grid interface HF resonant stage (LCC) stage (LCC) Vehicle

rectifier inverter rectifier
B —— B —

0 et . . 50
075 08 085 09 095 1 1051111512125
LA IR

(b) (d)

075 08 085 08 085 1 1051111612125

_RL =751
—R =100
RL =1250

40 —R =100 e

« Completed system

e 7 f 0 —R =750 it
characterizations. s, / | g / ‘

- Completed resonant funing s "
COnfigUrOTion Ond ‘I'Uﬂing 075 08 085 08 G.f!?t’;'n‘\ 1.05 1.1 1.151.21.25 075 08 085 08 0?;01 1.05 1.1 1.151.21.25

parameters.

- Completed the design of all

the passive components.

« Completed power stage
designs.
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Technical Accomplishments - BP Il

Designed and determined the operational features of the power flow conftrol

«  Energy manager (or charge/discharge coordinator)

sends the charge command to primary DSP (via CAN or | Secondary-side

DSp
Ethernet). I |
|
«  Primary side enables the secondary BMS for charging. $ | N
| =
. . . I | —~
« Grid interface converter locally regulates the primary : 58
. . . I"-a
side DC link voltage such that the vehicle battery  zus and contacior E §
receives the reference power. enabler | Charge 5
. . Command to I8
’ HF inverter runs WITh An internet based message can also be converted Secondary i
fixed dUTy CYCle or JUST to CAN using an EtherCAN2 module T :
. . ] art
for fine tuning the Charge e
pOWGr. EnergySManagement Command »| CAN Message . Primary-side Soft coded
ystem Pros (P) Poy(P) DSP — V) i
*  Vehicle-side rectifier O (@) & Soft coded

Qref (Q)

runs as a passive
diode bridge rectifier
when charging.

y A
Grid Interface
Converter

- Wireless feedback does not have to Regulates primary side DC link voltage Regulates vehicle side battery current
be fast thanks to the LCL tuned

resonant network both on primary
and secondory. Operational block diagram of the bidirectional WPT
power flow controller.

HF Inverter
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Technical Accomplishments — BP |l

Finalized the development of coupling coils
Finalized the design of the resonant tuning
components

« Asymmetric voltages drive asymmetry
in coils and resonant stage
— 800Vdc/420Vdc
— 420Vdc/800Vdc

3D rendered image of coupling coils

Value |NominalV |Rated V orl
_ or |

133 pH 123pH 39.6 Arms 140 Arms
m 34" x28.5" x 1.5" 34"x28.5"x1.5" RV Yy,
— 2'958 — 1100 Vims 1800 Vims
© 155 ©19 100.6 Arms 150 Vrms
Y 15.2 lbs. 14.3 Ibs.

Plate Mass 109 lbs./in 109 lbs./in thickness -
thickness m 40.4 uyH 77 Arms 80 Arms
Total Mass 102 Ibs. (1/4” 101 Ibs. (1/4" plate) 1.33 uH 558 Vrms 900 Vrms
plate)

0.57 uF 1201 Vims 1400 Vrms
Coupling coil specifications m 123 uH  93.4 Arms 150 Arms

Parameters of the resonant tuning components

;}%OAK RIDGE
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Technical Accomplishments — BP |l

Developed (built) coupling coils as well as the resonant tuning components — closely
matched the design parameters

FEA based modeling and design
Target inductances

L,=133.4 uH, 39.3 mQ for primary
and

Ls=123 uH, 37.1 mQ for secondary
Designed k = 0.21

Actual inductances:

L, = 129.95 uH, 28.7 mQ for
primary

Ls = 125.4 yH, 39.6 mQ for
secondary.

Actual ki, = 0.2130, k,=0.2105

Grid interface inductor (3)

Secondary coil

Coils with the required airgap

Primary and secondary side tuning inductors; design and physical built




Technical Accomplishments - BP Il

Modified the resonant funing components for ~400V battery pack nominal voltage
* Issue: Full EV fruck with 650V battery pack would not be available.
Range extended hybrid (plug-in hybrid) with 420V nominal battery pack.

Two options:

— Modify the coupling coils that were already built — which would require the
modification of the resonant tuning components anyways

— Do more design work and simulations to modify the resonant tuning
components

New inductor values, new capacitor values

Took the opportunity to redesign the capacitors and infegrate the two
capacitors in the LCC.

Ln CIZ k=0.17 Cz;[ Lzz
A I i e
53.8uH [0.674F |1, 1,,| 0.67pF| HO4HH
HF Inverter ™— - - " Vehicle-Side HF Imrerrer._ - - —'Vehfcfe-Sfde
— - =4 =4 p— _+ Rectifier — pr— = = p— __ . Rectifier
Ouiput LOOWF[¢,, = 7 C2z[1.33pF A Output 1.00pF|c,, 2 ~ C22|1.33pF 4
3 - et ~
o~ —
—
Stationary side resonant  Vehicle side resonant
stage (LCC) stage (LCC) Stationary side resonant Vehicle side resonant
stage (LCC) stage (LCC)
Previous resonant tuning components Modified resonant tuning components
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Technical Accomplishments — BP |l

Performed voltage-gain analysis to validate the modifications

« ~800V bus to ~400V bus (charging) V.. =~0.5
EEEEE—— ) o ogscale) p

Lii Ciz k;?_'_?ii Cz1 L2z

52.1pH |067WF |1, 1,,| 0.57uF| 376HH

—

HF Inverter* “—s Vehicle-Side
Output  »— 1.00uF —e Rectifier

C11

Czz

=1l

33pF

129.95uH
125.4uH

Voltage gainv,,,/v,,

<
o

1
Stationary side resonant  Vehicle side resonant T

stage (LCC) stage (LCC) 15 2'0 ﬁ) 25 30

S — Frequency [kHz]

« ~400V bus tfo ~800V bus Voltage gain characteristic when charging the vehicle battery
(discharging)

[a—
=

(log scale)

« Resonant gain provides most of

the voltage conversion, power | . :
electronics only fine tunes the 10 15 20

. Frequency [kHz]2
set poinfts.

[—
o

- Voltage gains are properly
designed to reduce the control
stress on the power devices.

Voltage gain v,,/v,,,

<
fa—

30

Voltage gain characteristic when discharging the vehicle battery
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Technical Accomplishments — BP |l

Experimentally validated the voltage gain of the system

« Coupling coils and resonant tuning components

response analyzer used : -
for validating system
characteristics.

Receiver !\ Bode 100 frequency

System voltage gain

with respect to vgdfn=~ 0.5
1 frequency \
10" , -
F R = 40K | ]
R = 35Kkw | 1 10 2
|| D
109 £ R = 20kw |+ O
c ‘ T
2 -
O & 107 g =
—_— O ]
S £
£ 5
‘3 102 E o-
' a
0.001
. . . . . . 1.1 16 21 26 31 36 41 46 51 56
1 15 2 25 3 35 Frequency x 10000
&OAK RIDGE | Yo rarion f
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Technical Accomplishments — BP |l

Analyzed system sensitivity for the modified resonant stage
(a)

« Analytical
sensifivity
characteristics
of the

(a) primary
current,

(b) voltage gain
(Vo/vin)'

(c) current gain
(io/iin)' and

(d) the output
power with
the variation
of nominal
output
power and
frequency
variation.
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Technical Accomplishments — BP |l
Analyzed system sensitivity for the modified resonant stage
« Analytical sensitivity characteristics of the

(a) magnitude,
(b) (b) phase of the input impedance, (Z;,).

(c) magnitude, and

(d) phase of input current (i), with the variation of nominal output power and

frequency variation.
(a)

30

= 20kW
= 25kW
=30kW-
= 35kW
= 40kW

[l (A)

(©)

500

\‘

400

l

\

300 /
200¢

\

/ - \/ \\
0 ' '
2 2.5 0.5 1 1.5 2 2.5
f /f0
100, (d)
501 l
! 0 \
-50 ‘
| | -100 1 1 |
0.5 1 15 2 2.5 0.5 1 1.5 2 2.5
ff, A
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Technical Accomplishments - BP 1

Power stage developmenT

Primary-side
power stage

o)
T o
» O
' 'O
a7
O .
T 0
€3
O o
O g
)

(7]

!

&OAK RIDGE | 5588 raron
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Test Plans for BP I

« All components have been individually tested, validated the parameters /
functionalities.

« Resonant stage characteristics have been tested

« Tests being performed:
— Test the HF inverter feeding a resistive load,

— Test the resonant stage in loaded condition, tfransferring 20 kW power with 11 inches
airgap separation,

— Test the grid-interface converter feeding a DC resistive load,

— Test the grid-interface converter feeding the HF inverter and resonant stage

— Reverse the power flow and repeat the functionality tests

Grid interface Stationary Vehicle HF

Primary and Secondary

inverter ~ . rectifier Coupling Coil inverter [Py
Ametek 800V — Clzoup ng Co ssz o - 400 7 NHR
- T: T3 Ts + T Ts A '__rvm_ Ti T13, T | sae 9300
480V, 3ph 4 6 G}J Gst g6 GAJ G 1J 1J T 100kW
90kW AC I 4ol ] 3§, i . -
. e - ’ s =L < | = =
GI‘ld IBI C T, Ts Tz E Te T: C11 Co1 Tiz Tis \,E_ é s' SERERRRRRAAAT ., Battery
Emulator | i JJ JJ fJ ° JJ A ,IJ 5 |IE§ Emulator
G. G. Gs G Gz
S Stationary side  Vehicle side r t

Ihiliiihiiii!il
Ll

vel Ve Grid interfuce HF resonant stage (LCC) stage (LCC) Vehicle
rectifier inverter rectifier
—_— —_— _—

Test setup diagram
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Technical Accomplishments — BP |l

Entire system simulations with closed loop control: Charging

V battery D - Probe l—: =
Lwc ol battery voltage 350V,  sector o
350 |—slvacret | ma wireless switching Probe | SV operation
Vdcref  Voltage Controller I vep® S;:Tf;umor Deadtime frequency 225|(HZ 1:a:e
N 1ph |— - Ipfc
Decoupled d 2=
Iq ref wrre:tpcontrqol — ﬁ
R9 Offset

‘.' | RIO—rr 2-Level o
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ek,
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Technical Accomplishments — BP |l

Entire system simulations with closed loop control: Charging
Vdc Primary Resonant Tank Voltage & Current

8001 — wl 1 LT

700 A (RPN S o NS G 7 NS N T o N

A -

Input currents: 26A,,,,., Input current THD: ~2%
Input power factor: 0.999, 20kW battery power

NATIONAL
*OAK RIDGE TRANSPORTATION
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Technical Accomplishments — BP |l

Entire system simulations with closed loop control: Discharging

DCAC
L25 Vo [ >—s|
-V _de E_fl= |
.L*DI" A 1 Cfle 1 =

I\c%: Lf S | SVoperation1
; 8 PowerGrid
. @I— T Lo |1 , battery voltage 350V,

vo Ja+(V) s s —(@—‘ wireless switching
Grid

L fiec
M FJ’r e frequency 22.3kHz

=
1
|
\—C:b

1]
A
o
Y,
A
JAN
g

Zg ] R7
- ) () vde_bat
2 s ﬂ.%)\fnﬂ Zgal-d-ch Zg |-+(]D|C5 =

I3l

Probe . .
p-res-curren - ) .
= wireless Scope5
Probe . Scope3 trans.
S-res-curren
vs [
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Technical Accomplishments — BP |l

Entire system simulations with closed loop control: Discharging

Inverter Input Voltage ‘ Primary Resonant Tank Voltage & Current‘
850 P i g 1000 : ‘ ‘ ‘
800 o
750 | 1000
400 3-Phase Grid VOltage 400 Secondary Resonant Tank Voltage & Current
0/ 1 1 : :
| ob UL N AN N
-200- VRV VRV IRV VIR VIR VR VIRV
-400Q VAV VIV VAV VYV 0 OO OO O OO OO SO OSSOSO 0 000 O O s A o o
40 e
8.000 8.001 8.002 8.003 8.004 x le-1
20 351 Discharge Input Voltage
ol ‘ ‘ ‘
-20- 350
-40 349 ‘ ‘ ‘
62 Discharge Input Current
3 Lo T T s s
1 e
98.4W reactive power 5 S o S N R S T
0 : 29 X le4 Discharge Input Power
i i ' | | |
0.8 0.3 e
Grid currents: 25A,, Grid current THD: ~2% 207 o . o I o o
Grid power factor: 0.999, 21kW battery power, s ‘ ‘ ‘ ‘ ‘ ‘ ‘

~20 kW grid power
,&9@1{ RIDGE TEANSEORTATION
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Technical Accomplishments - BP Il

Experimental test setup and results of the resonant stage
« ~20kW power delivery to the

0 0]
ko) 2o battery emulator
. ~ O
o %% - Grid-to-vehicle power flow
T O £ =
S 'C% o g : ~737Vin_dc
65 P .« ~400V
3 g i | out_dc
« 96% dc-to-dc efficiency
e Coupling  Inverter, rectifier, coils,
o 9 coilswith 11" primary and secondary-side
E'.) o8 argap LCC tuning components
O-gER
O30
. . . Normal Mode Peak Over § o _Integ: Reget YOKOGAWA 4
- Zero-voltage-switching (ZVS) operation | BEGaEn NG fntgs T
[ chonae veos Element 1 Element 2 Element 3  Element 5 E‘E'"f{]‘}][}v

"~‘TELED\’ ECROY
Everywhereyou 0ok 50mA
Syne Src

Ums v 1 07371k 730.86 399.95 402.04

Element 2

Ims @1 28.439 34.00 57.06 50.08 U2 g0y
P m1 o 20961k 2086k 20206«  20.134« -
0 mal -0269k 1350« -10609k -0.220« 231353
5 w1 20963k 2485k 22822k 20136k | cemms
A 11 089999 0839 0884  0.9999 Svic Sny
¢ 1 D075 G3292 D27.70 D063 *UE‘e“jgéé‘xf
EFF GV 1 96.053 S;":mjni

600V
EFF V2G [y ] 104.11 18 10(@
Sync Src:U]

Motor
Spd  20¥
20¥

Update 1586 ( 50msec) 2019/04/30 16:45:10




Technical Accomplishments — BP |l

Experimental test setup and results of the resonant stage

~20kW power delivery from battery
emulator to the input DC bus

Vehicle-to-grid power flow
~7OOVprim_dc

~382V

96.2% dc-to-dc efficiency

Inverter, rectifier, coils, primary and
secondary-side LCC tuning
components

Bul DC
200 Vidiv
0.00 V ofst

Normel Mode Pl%?[]m%le Scaling Line Filter Time Integi:ifjgge:tw:” PLL :m’
M WEIIMEMETY  AVG Freq Filterm
[ & change items CF:3
Element 1 Flement 2 Element 3 Element 5 E‘e'"fgao‘v
ums 1 07031k 69632 37522 38220 e g
Ims 1 28.893 35.85 6258 55.95 UE‘Qgéf?x
P w1 -20314x  -2022« -21.008« -21.114« Sg":m:j:
0 w1 -0115k  -1483c 10487k -0.112k 2] Ty
s w1 20314k 2496k 23481k 20115k | dewns
A (1 -1.0000 -0.8102 -0.8947 -1.0000 Sumc o
® 1 D17967 D144.12 D15347 D179.70 *UE‘e“jgéé’r
EFF6Vm 1 103.94 s;“ S'j
FFFV% 1y 1 96.208 |
Sync Src:[U7]
Motor
Spd - 20V
20V

Undate 889 ( b0msec)

« Zero-voltage-switching
operation both on primary
and secondary power
converters

2019/04/30 17:16:19



Response to Previous Year Reviewers’ Comments

+ Comment: “Including a partner that would provide the true operational parameters provides
realism to the design constraints and enhances the proof of concept.”

Response: UPS is one of the project partners and the end-user of the proposed technology. UPS

provides the required parameters for the design constraints and operational characteristics of the

system.

« Comment: “"Great physical assessment will be necessary to confirm the efficiencies calculated.”
Response: Now that the team completed the design and the hardware development, experimental
tests are being performed to validate the efficiencies and all the functionalities.

« Comment: "How about the robustness of the system for vibration and the possibility of radiation
leakage caused by the large airgap.™

Response: Team includes mechanical engineers working on the layout design of the system

components and robust mounting methods for the components. The leakage field is measured during

the tests and the aluminum plate shielding seems to be sufficient to keep the field emissions below the

limits set by ICNIRP 2010 guideline.

« Comment: "ORNL has been the primary organization energetically designing and building the
system but there seems to be limited collaboration with partners.”

Response: ORNL closely works with UPS and Workhorse who manufactures the plug-in hybrid fruck that

the technology will be integrated into. ORNL continuously receives information and data from

partners for successful integration and demonstration of this technology.

« Comment: “Demonstration delivery in 2019 is an aggressive target with all the hardware to be
developed.”

Response: The reviewer is right as we experienced some delays due to uncertainty on the vehicle

battery voltage levels and the hardware was re-designed and modified multiple times for best

optimization for the given battery voltage. However, now the team is back on the frack performing

tests and evaluations for a successful integration.

%OAK RIDGE | 1 eraron
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Collaboration and Coordination with Other Institutions

CALSTART: Project lead, project management, budget management,
reporting, overall coordination, V2G economic analysis, business case
analysis

ORNL: Technical lead, system design, development, integration, testing
UPS: End-user, deployment site, integration coordination

Workhorse: Vehicle manufacturer, vehicle systems integration and
engineering support

Cisco: Developed and provides communication interfaces from energy
management system to the BWPT system and also the vehicle to grid /
grid to vehicle communications.

i
CALSTRART

OAK RIDGE

National Laboratory

NInr
CISsCO
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Remaining Challenges and Barriers

* The grid power and battery charger power should be accurately
controlled to meet the requirements of the energy management
system or facility operations engineer.

* The electric and electromagnetic field emissions should be less than
the limit levels set by the ICNIRP 2010 guidelines inside and around
the vehicle while transferring 20kW across 11 inches airgap.

« Meeting the utility and grid standards for the grid interface converter
requires precise measurement and conftrol system development.

- The thermal management system of the hardware requires utilizing
cooling system designed for the vehicle's on-board charger.
Conftrolling the cooling system as well as other on-vehicle auxiliary
components including the BMS system requires input from the OEM.

%OAK RIDGE NNNNNNN Any proposed future work is subject to change based on funding levels
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Proposed Future Research

- FY 2019

— Complete the entire system tests and modify conftrol systems as
needed. Also complete the vehicle infegration and demonstrate the
system operation on the vehicle.

— Model and analyze the benefits of the BWPT systems.

— Model and analyze the impact of the BWPT operation on the lifetime of
the vehicle battery for a given use-case scenario or duty-cycle.

- FY 2020

— Final deployment, validation, testing at the demonstration site and
data collection.

&OAKIR}’DGE ‘Nrﬂlr\?sri%%zmnw Any proposed future work is subject to change based on funding levels
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Summary

+ Relevance: Increase the benefits and reduce the barriers in vehicle electrification, wireless
charging, and vehicle to grid integration for improved V2G operations.

«  Approach: Proposed a bidirectional wireless power transfer system that operates at a high
airgap for medium duty delivery trucks with high-efficiency and functionality through advanced
power electronics and magnetics design, vehicle systems integration, and control system
design.

* Technical Accomplishments:

— Designed and developed all the system power conversion stages including all the subsystems and
components.

—  Currently testing the whole system together for validations and functionalities.

+ Collaborations and Coordination with Other Institutions:
— CALSTART: Project lead and project management.
— UPS: Test vehicle provider, end-user, final deployment site.
— Workhorse: Plug-in hybrid and electric delivery truck manufacturer.
- ICisco: Providing radio communication systems for commanding the system and to form feedback control
00ps.
* Future Work:
— Complete tests of the entire system and vehicle integration.
— Model and analyze BWPT V2G benefits.
— Model and analyze impact of BWPTV2G operations on battery lifetime
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